J2' 



Euro. Phys. J. C 72, 1907 (2012) 

Exact Theorems Concerning CP and CPT Violations in C = — 1 Entangled State of 

Pseudoscalar Neutral Mesons 

Yu ShQ 

Department of Physics, Fudan University, Shanghai 200433, China 

Neutral pseudoscalar mesons in an entangled or Einstein-Podolsky-Rosen state are routinely pro- 
duced in <f> and B factories. Based on the peculiar properties of an entangled state, we present some 
general exact theorems about parameters characterizing CP and CPT violations, by using various 
asymmetries defined for the correlated decays of the two entangled mesons, which are rigorously 
calculated. 

PACS numbers: 14.40.-n, 03.65.Ud 



* yushi@fudan.edu.cn 



2 



I. INTRODUCTION 



The pair of neutral pseudoscalar mesons produced from a source with total C = — 1 is in an entangled or Einstein- 
Podolsky- Rosen correlated state [l| , which cannot be factorized as a direct product of the states of the two mesons 0- 
0]. This fact has been experimentally confirmed in K°K° pairs produced in proton-antiproton annihilation in the 
CPLEAR detector in CERN 0, in K°K° pairs produced at <f> decay in the KLOE detector in DA$NE [9^1^. 
and in B®B® pairs produced at T(4s) in the BELLE detector in the KEKB [l3| . In addition to their values in the 
perspective of quantum foundations and quantum information fLU [Til ] , they have been in practical use in <j> and B 
factories such as KLOE, BABAR, BELLE and CLEO, where neutral pseudoscalar mesons are mostly produced in 
pairs, and one member of an EPR pair is actually tagged by identifying the other through the product of its decay or 
interaction with another particle (lol - H^ . [l6l [13] • A very interesting and important application of the entanglement 
of meson pairs is the measurement or constraint on the CP and CPT violating parameters Hol - THi fl8l - [24 ] . 

In this paper, we present some exact theorems concerning the use of the C = — 1 entangled state of pseudoscalar 
mesons to examine CP and CPT symmetries and extracting parameters characterizing CP and CPT. The paper is 
organized as follows. In Sec. HH we review various basis states and the quantum mechanical description of the time- 
dependent states with various initial states of a single neutral pseudoscalar meson. We describe the time evolution of 
an entangled state in Sec. IIIII We consider the decays or projections of both mesons into flavor eigenstates in Sec. IIV1 
and give in Sec. [V]the method of studying CP and possible CPT violations by using these events. Then we consider 
decays or projections of both mesons into CP eigenstates in Sec. IVI1 and discuss in Sec IVIII the method of studying 
CP and possible CPT violations by using these events. A summary is made in Sec. IVIIII 



II. REVIEW OF BASIS STATES AND TIME EVOLUTION OF SINGLE NEUTRAL PSEUDOSCALAR 

MESONS 

First we give a review of single neutral pseudoscalar mesons in the usual Wigner-Weisskopf approximation, partly 
to set up definitions and notations, which we find convenient. Some of them follow those in Chou et al. [251 ]. The 
relation with some more commonly used definitions and notations will be given explicitly. 

A neutral pseudoscalar meson M° and its antiparticle M° can be described as eigenstates of parity P both with 
eigenvalue —1, and of a characteristic flavor with eigenvalues ±1, the characteristic flavor being strangeness for K° 
and K°, beauty for B^ and charm for D° and D°, and strangeness or beauty (with a minus sign) for B° s and B®. 
As C\M°) = -\M°) and C\M°) = -\M°), the eigenstates of CP are 

|M ± ) = i(|M°)±|M )), (1) 

with eigenvalues ±1. 

Under the Wigner-Weisskopf approximation, the evolution of an arbitrary state of a pseudoscalar meson \M(t)), as 
a superposition of \M°) and M°), can be described by a Schrodinger equation 

i^\M{t))=H\M{t)), (2) 

where His the mass matrix with complex elements H 00 = (M°\H\M°), H o0 = (M°\H\M°), H m = (M°\H\M°) and 
H m = (M°\H\M°). CP violation is characterized by a nonzero parameter cm defined through 



P -\H Q0 ~ l + e M - [> 
On the other hand, an indirect CPT violation would be characterized by a nonzero parameter 8m defined as 

V-noO-^OO 

The kind of T violation which is independent of CPT is characterized by whether |g|/|p| = 1. 
The eigenvalues of H are 



A s = m s - iTs/2 = H 00 + ^/H~H~{\j 1 + -f + (5) 



5L S 



X L ^rn L - i T L /2 = H- - -^H~H~(\ll + ^ + ^), (6) 
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corresponding, respectively, to its eigenstates 

1 



I M s ) = 
\M L ) = 



V\ps\ 2 + \qs\ 2 



1 



V\pl\ 2 + \il\ 



(ps\m°) + qs\M )) = 

(p L \M°) - q L \M )) = 



1 

Vi + M 2 



(|M+)+ Es |M_)), 



(e L \M + ) + |M_», 



with 



PS 1 + £5 P V 4 2 



PL 1 + £L P 



M • 

4 2~ 



If e s = 0, |Mg) would reduce to \M+) and |M_). If e L = 0, |M L ) would reduce to \MJ) 
Many authors use the definitions 

c = \{ts +e L ), 



5 = jj( e s - 



It is straightforward to find 



CM 



cm, 



l + e 2 M + (l-e M )Vl+^f 



(1 - e^)5 M 



l + e^ + (l-e^Wl 



8m 
' 4 ' 



(7) 
(8) 

(9) 
(10) 

(11) 
(12) 

(13) 

(14) 



We now consider time evolution of a single pseudoscalar neutral meson under the mass Hamiltonian H. We 
summarize the situation by giving the time-dependent state starting with each flavor or CP eigenstate. 
Starting as a mass eigenstate \Ms), the state of a single meson evolves as 



\M s (t))=e- iXst \M s ). 
Starting as a mass eigenstate \Mi), the state evolves as 

\M L {t))=e- iXLt \M L ). 
Starting as a flavor eigenstate \M°), the state evolves as 

\M°(t)) = G 00 (t)\M°)+G - (t)\M ). 
Starting as a flavor eigenstate \Mq), the state evolves as 

\M (t))^G m (t)\M")+G m (t)\M }. 

In CE7]) and CDS]), 



Goo(t) = 


e -iX s t + £l e -i*Lt 


1 + Q 


GooW = 


xs(e" iXst - e~ iXLt ) 


i + n 


G- 00 (t) = 


Xg 1 {e~ iXst - e- lXLt ) 


1 + f]- 1 


G m (t) = 


e -i\ s t + fl-i e -i\ L t 


l + n- 1 



(15) 
(16) 
(17) 
(18) 

(19) 
(20) 
(21) 
(22) 



4 



where 

n s 2£ = ^, (23) 

XL PSQL 

Starting as a CP eigenstate |M+), the state evolves as 

\M+(t)) = F ++ (t)\M + ) + F+_(t)|M_). (24) 
Starting as a CP eigenstate |M_), the state evolves as 

|M_(t)) = F_+(i)|M+) (25) 

In (HI and (l25l). 



^ ++(<) = 2 (1 + ») [(1 + ^ + XS + ") e_lAst + (! " x l l ~ x s + tt)e- a n (26) 

= 1+ 2a + n)" n (e " <Aflt " e ~ lXL% (27) 

= 1- 2atn)"" (e " <Aflt " e_iAit) ' (28) 

= 2(1 + ») [(1 ~ ^ ~ * S + " )e " ASt + (1 + ^ +XS + n ) e_<Ait ]- ( 29 ) 

III. EVOLUTION OF AN ENTANGLED STATE 

The entangled state of a pair of pseudoscalar mesons produced from a source of J PC = 1- is 

= -L(|M°) o |M > 6 - \M°) a \M°) b ) (30) 

- -L(|M_) a |M+) 6 - |M+) |M_) 6 ). (31) 

Note that not only in the flavor basis, but also in the CP basis, |\&_) is an exact singlet, no matter whether CP or 
CPT is violated. 

Now we consider the following situation. Starting as \^-), the state of the entangled pair evolves and then decay to 
or produce certain products at t a and t b , respectively, which may or may not be equal. To account for this situation, 
one first consider 

|¥_(*«>*i)) = U a (t a )U b (t b )\*-) (32) 

= -j={\M°(t a )) a \M°(t b )) b - \M°{t a )) a \M°(t b )) b ) (33) 

= -^=(\M + (t a )) a \M_(t b )) b - \M^(Q) a \M + (t b )) b ). (34) 

Let us refer to these two mesons as Alice and Bob. The joint probability that Alice decays to \ip a ) at t a while Bob 
decays to \ip b ) at t b was calculated as 

I(ip a ,t a ;ip b ,t b ) = \(ip a ,ijj b \y(t a ,t b ))\ 2 , (35) 

where 

KV^Vbl^-CWb)) = ^(<V>a|M + (t )) (^6|Af_(t 6 )) 6 -^ |M_(t )) (^|M + (i t )) 6 ). (36) 
Various situations are discussed in the following. 
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IV. JOINT PROBABILITIES OF THE DECAYS INTO FLAVOR EIGENSTATES 



Suppose from the entangled state, Alice and Bob each decays or transits to a two-valued flavor eigenstate, as in 
CPLEAR experiment, where the strangeness values of the two kaons were measured through their interactions with 
bound nucleons 0, El, and in BELLE experiment, where the beauties of the two Bd mesons were measured by their 
scmileptonic decays [lg. We generally denote the flavor eigenstates as \l + ) of eigenvalue +1 and \l~) of eigenvalue 
— 1. Examples for |^ + ) include the semileptonic decay product M~lv, as well as D~D$ , D~K + , n~Dg , n~ K + from 
M° = B°, and Dgn+, D S D+, K~-k + , K~D + from M° = B%. Examples for \l~) include the semileptonic decay 
product M+W, as well as D+DZ, D + K~, tt + D s , ir+R- from M° = B°, and Dtir^ , DtD~, K + tt~, K+D~ fro 



in 



M° = B% In the CPLEAR experiment on kaons Q, | / + ) and \l ) are products produced via interaction with 
bound nucleons. 

For |/ + ), the amplitude from \M°) is 

while the amplitude from M° is 



(l + \M°) = R + ^ (37) 



(l+\M°)=0. (38) 
For a flavor eigenstate \l~), the amplitude from M° is 

(l~\M°) =R~ ^0 (39) 

while the amplitude from M°) is 

(r\M°)=Q. (40) 

One can calculate the joint amplitude of such a pair of decays in which Alice and Bob decays |/^) at t a while Bob 
decays to at tb, where x and y each represents ±1, 

(£,ZSf|*_(t ,t 6 )> = ^(^|M°(t a )) a ^|M (t 6 )) 6 -(/-|M (O) a ^|M°(4)) 6 ). (41) 



From (fT?) and ([15]). one can obtain 



(l+\M°(t a )) a = G 00 (t a )R+, (42) 

(^|M°(t«))„ = G m {t a )R~, (43) 

(J+|M°(t«)) Q = Go Q (t a )R+, (44) 

(^|M°(t„))„ = G m (t a )R~, (45) 



where a = a, b. 
Thus we obtain 



(46) 



I(l+,t a ;l+,t b ) = J^|^^ e -(r s +r,K [e -r s A t + e -r £ A t _ 2e £4^A tcos(AmAt)]! 

1(1+ t a ; l 6 - t 6 ) = e -(r s+ r,)* a [|n|2 e -r s A t + e -r L At + 2 | | e ^A t cos(AmAi + ^ 

t a ; l+, t b ) = Jggf e -(r s +r £ )t [e -r s A* + ^^-r.At + 2| ^ |e ^ At cos(AmAt _ 

I(l-,t a ,l- 7 t b ) = !gLgW e -(r a+ r,)t. [e -r fl A« + £ -r,At _ 2 e^^ cos(AmAt)], 

where Am = jul — ms, At = t b — t a , fl = \Q\e l ^ n . 

In experiments, it is more convenient to use the integrated rate 

/>oo 

l\ll,ll,M)= I(l x a ,t a ;l v b ,t a + At)dt a , (47) 
Jq 

which is simply given by 1(1%, t a ] l\,t a + At) as in (|4"6")l . with e ~( r s+^L)t a replaced as l/(Ts + Tl). 
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V. STUDYING CP AND CPT VIOLATIONS USING THE JOINT PROBABILITIES OF DECAYS IN 

FLAVOR BASIS 

We focus on the case |/+) = \l£) and \l~) = hence i?+ = R£ = R + , R~ = = R~ . 

The above four joint probabilities can form some asymmetries between the decays of the entangled mesons. 

First consider 



-- t a , u) = ; + ~r - ' 7 _ . . (48) 



I[la ,t a ] If, ,tb] + I[la , t a ; l b , tb] 

and the asymmetry of the corresponding integrated rates 



I'[l+,l+,At}-I'[l-,l^,At] 
I'[li,lt, M] + I'[la,lb,M] 



A'( + +, , At) = ° ' b + ' 'a , ^ (4Q) 



which are only dependent on At = t b — t a - 
They are evaluated to be 



A( ++ ,-,t a ,t b ) = A>( ++ ,-,At) = '^'^ri'lf LM ( 5 °) 

which is independent of f a , if, or At. 

If CP is conserved, then i?+ = R~ , p/q = 1, thus x$ — x^ 1 , consequently A(++, , t a , tb) = A'(++, , At) = 0. 

Therefore we have the following theorem. 

Theorem 1 If the equal-flavor asymmetry A(-\ — h, ,t a ,t b ) =/= 0, or if A'(++, , At) ^ 0, then CP is violated, 

independent of whether CPT is conserved. 

On the other hand, if CPT is conserved, then 5m = 0, thus xs = Xl = q/p, consequently we have the following 
result. 

Theorem 2 If CPT is conserved, the equal-flavor asymmetry is A{-\ — h, ,t a ,tb) or A'(-\ — h, , At) is given by 



|fl+lV-|fl-| 4 M 2 

iR+fWpf + lR-fW 



A(++, ,t a ,t b ) = A {++, , At) = — |4n ^— — |4| (51) 



A deviation from (151[) indicates CPT violation, which, however, can be tested by the following simpler method. 
Now we consider the unequal-flavor asymmetry defined by 

^ £ \ _ ^Kj ta', lb ' tb] — I [I a , t a ; Ifr , tb) -g^-j 

I[la j ta, l b , to] "t - -/^a j ta, ^ , to] 

and the asymmetry of the corresponding integrated rates 

* x J'[#> C At] -J'fe, At] , . 



which are evaluated to be 



A(+-,-+,t a ,t b ) = A' (+-,-+, At) 

r s At )+4|f2| e rS t rL At sin(AmAt) sin <f> n 

1's+1'l a ■ 

(l+|n| 2 )(e- r i- A *-e- r S At )+4|a|e 5 At cos(AmAt)cosfc 



(54) 



which always vanishes if At = 0. For At ^ 0, if CPT is conserved, then £2 = 1, i.e. |£2| = 1 and sin^n = 0, 
consequently A{-\ — , — h, t a , tb) = A'(-\ — , — +, At) = 0. Therefore we have the following theorem. 

Theorem 3 Consider the two correlated decays at different times. If the unequal-flavor asymmetry A(-\ — , — h, t a , tb) ^ 
0, or ifA'(+-, -+, At) ^ 0, then CPT is violated. 

Moreover, using the four instantaneous rates at various times or using the four integrated rates for various time 
differences, one can determine all the parameters \R ], \R~\, \xs\, \xl\, |£2|, 4>n, Ts, Tl, Am, which are all rephase- 
invariant. One can also simply use the integrates rates with various values of At. One can also use the instantaneous 
rates while avoid using the precise value of t a , by considering the ratio 1(1%, t a ; l£ , tb) : 1(1% , t a ; l^, t b ) : I{1~ ,t a ; l^, t b ) : 
,t a ;l7 ,t b ), where the common factor e -( r s+^L)t a [ s canceled. Therefore the instantaneous rates with the same 
At but different t a can be used altogether. 
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VI. JOINT PROBABILITIES OF DECAYS INTO CP EIGENSTATES 

Now we consider the situation that the decay products of Alice and Bob are both CP eigenstates, as in KLOE 
experiment, where the probability of both kaons decaying to tt + it~ was obtained up to a proportional factor pjl [Tl|. 
We generally denote the CP eigenstates as \h + ) of eigenvalue +1 and \h~) of eigenvalue — 1. Examples for \h + ) include 
7r + 7r~, 7r°7r°, etc. Examples for \h~) include 7r°7r 7r°, etc. 

For \h + ), the amplitude from \M + ) is 



(h+\M+) = Q+ + 0, (55) 
(h + \M-}=0. (56) 
(hr\M-)=Q-^0 (57) 

(h~\M + )=0. (58) 

Q + and Q~ are not directly measurable quantities, as Ms and Ml, rather than M + and M_, are physical. However, 
from ([7]) and ([5]), we have 



while the amplitude from \M_) is 
For \h~), the amplitude from |M_) is 
while the amplitude from |-M+) is 



Q + = ^l + \e s \ 2 {h+\M s ), (59) 

QT = y/l + \e L \ 2 (h-\M L ). (60) 

It is not difficult to see that although are not rephase-invariant, IQ^ 2 are. 

Suppose Alice and Bob decay to CP eigenstates h x a and h\ respectively, where x and y each represents ±1. Then 

{h%,h v b \9-(t a ,t b )) = ^=({h x a \M + (t a )) a {hl\M.(t b )) b - (K\M_{t a )) a (hl\M + {t b )) b ). (61) 



From (l24l) and (1251). one can obtain 



Therefore, 



(h+\M+(t a )) a = F ++ (t a )Q+, (62) 

(h-\M+(t a )) a =F+-(t a )Q-, (63) 

(/£|M_(t a )) a =F_ + (t a )Q+ (64) 

(h-\M_{t a )) a = F^(t a )Q-. (65) 



/T/i+ f -h+ tul - IQ+°l 2 IQ+"l 2 K 1 - a: r, 1 )(i+^s)l 2 (r.+r r )f„ 

L ct ' Oj") b ' oj — 8|l+f2| 2 

x [ e -r s (At) + e -iMAt) _ 2e ^i(r s+ri ,)At C0S (AmAt)], 
n/;+ / -h- ful - IQ+^lQ-of^+xJ 1 )^*^ 2 r -(r«+r T .)t„ 

x [\W\ 2 e' Ts ^ + e - r ^ A *) + 2|VF|e-5(rs+r i )A* cos ( AmAi + 
T\h- t -h+ H] - IQ^lg±^Ki±Q(i±f£)f P -(r 3 +r^)t a 

x [ e - r s(At) + j^jag-r^At) + 2 | W | e -|(r s +r i )At C0S ( Am At - 
m- / - ft" - IQ-°l 2 IQ-"l 2 K 1 +^ 1 )(i-^s)l 2 r -^fr,,+r r ,)t„ 

J l"a I'm"! i^l — 8]T+f2p 

x [ e -r s (At) +e -r i (At) _ 2e -i(r s + ri) A t C0S ( AmAt )] j 



(66) 



where 



w = d-^Ki-^) (67) 

ly -(l + .x Z 1 )(l+, s )- (b7j 

One can also consider the integrated rate 

l'(h x a ,hl,M)= I(h x a ,t a ;h y b ,t a +At)dt a , (68) 
Jo 

which is simply given by /(/i^, t a ; hf,t a + At) as in flHHJ), with e -( r s+ r ^)*- replaced as l/(r s + F L ). 
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VII. STUDYING CP AND CPT VIOLATIONS USING THE JOINT PROBABILITIES OF DECAYS IN 

CP BASIS 



First, if both CP and CPT are conserved, then xs — x^ — 1, consequently £ a ; /ijj", f&] = I[h a ,t a ;h b ,t b ] = 

r[h+,h+,At] = [h~,hi,At] = even if At ^ 0. For At = 0, we always have I[h+ ,t a ;h+ ,t a [ = [h~ ,t a ;h b ,t„] = 
I'[h+, h£,0] = [h-,h^,0] = no matter whether CP or CPT is violated. Therefore we have the following theorem. 

Theorem 4 Any nonzero value of I[h+ ,t a ; hf ,tb] or I[h~ ,t a ; h b , tf,] or I'[h+ , h b , At] or I[h~ ,h b , At] for At ^ 
indicates the violation of CP or CPT or both. 

KLOE experimental data [Hi El indeed fit well 

I(h+,ta; h+, t b ) oc e - r ^ At > + e " r ^ At ) - 2e -^ rs+r ^ At cos(AmAt), 

which should be regarded as an indication of CP or CPT or both. 

Now let us consider the asymmetries, focusing on the case \h+) = \ht) and \h~) — \h~j~), hence = Q b = Q + , 

Qa = Q h = Q ■ 

First consider the asymmetry 

o/ , + +\ - I[hi,t a ;h+,t b ]-I[h-,t a ;h^,t b ] 

I[hZ ,t a ]hl ,t b \ + I[h a ,t a \h b ,t b \ 

and the corresponding one for the integrated rates 

B , ( , , Af] = I'[hj,h+,At]-I'[h-,h-.At] 

[ ' ' ] ~ I'[hi,h+,At] + P[K,h- , At] • 1 <U) 



which are evaluated to be 



B(++, — ,t a ,t b )=B'(++, — ,At) 
_ \Q + \ i \(i-xZ 1 Xi+xs)\ 2 -\Q-\ i \(i+x7. 1 )(i-xs)\ 2 

|Q+| 4 |(l-a;- 1 )(l+ £!; s)| 2 + |Q-| 4 |(l+x- 1 )(l- a;s )| 2 ' 

which are independent of t a , t b or At. 

If CP is conserved, then p/q — 1, thus x$ — 1/xl = y/l + — 5m/2, thus 

B(++, ,t a ,t b )=B'(++, ,At) 

- IQ + I 4 -IQ-| 4 

~~ |Q+| 4 +|Q-| 4 ' 

which is independent of t a , t b or At. 

On the other hand, if CPT is conserved, then 5m — 0, and thus xl = xs — q/p, consequently 

B(++, — ,t a ,t b ) =B'(++, — ,At) 

= IQ+| 4 +IQ-| 4 
IQ+I 4 -|Q-| 4 ' 



(71) 



(72) 



(73) 

which is independent of t a , t b or At, and is in fact the inverse of (|T2|) . Note that if both CPT and CP are conserved, 
then it is not meaningful to construct this asymmetry, as the two relevant joint probabilities are then both zero. 

Therefore, while the violation of CP or CPT or both is indicated by the nonzero value of I[h„, t a ; ht,tb] or 

I[h~ , t a ; h b , t b ] or I'[h^ , h b , At] or I[h~ , h b , At], we can further examine the equal-CP asymmetry B(++, ,t a ,tb) 

or B'(-\ — , — h, At), and have the following theorem, which recognize which of CP and CPT is violated. 

Theorem 5 Suppose both I[h+ ,t a ; h b ,t b ] and I[h~ ,t a ; h b ,t b ] are nonzero. If the equal-CP asymmetry asymmetry 

IQ+ 4 _ \Q- I 4 

B(-\ — h, , t a , tb) or B (H — hj 7 At) is given by q + 4 + 4 , then CP is conserved but CPT is violated. If it is given 

Q+i 4 ,|0-| 4 Q+l 4 — IO~| 4 IQ + | 4 + IQ~| 4 

by q+ 4 — |Q- 14 1 then CPT is conserved but CP is violated. If it is not given by neither \q+^ + \q- 4 nor q+| 4 — |q-| 4 ' 
then both CP and CPT are violated. 

Now we consider unequal-CP asymmetry 

0/ , , + + n _ J [ fe a^q; fc b"^b] -^[feq^a;fe^4] , , 

I[hZ,t a ;h h ,t b \ + I [h a ,t a ;hl,t b \ 
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and the corresponding one for the integrated rates 



I'[h+,h-,At]-I'[h-,h+,At] 



which are evaluated to be 



B'(+-,-+,At) ee 'V h b -\L Th -\l\ ip (75) 
I[K,h b , At] +I[h a ,hj, At] 

B(+-,-+,t a ,t b )=B' (+-,-+, At) 

(l-HV| 2 )(e- r ^ At -e- r s At )+4|W|e rS t rL At sin( AmAt) sin <j>„ /»m 
rs+rij — . [lb) 



(l + |W| 2 )(e- r i At +e- r s At )+4|W|e 2 At cos(AmAt) cos 

If both CPT and CP are conserved, then W = 0, 



e -r L At _ e -r s At 



B(+- -+, t a , t b ) = B'(+- -+, At) = e _ rLM + e _ rsAt , (77) 
In particular, when At = 0, the unequal-CP asymmetry is 0. Hence we have the following theorem. 



Theorem 6 If the unequal-CP asymmetry B{-\ — , — \-,t a ,tb) or B'(-\ — , — h,At) deviates from e e ^ TL ^ t+ e e -r s At , 
then CPT or CP or both are violated. In particular, if the equal time unequal-CP asymmetry B{-\ — ,—+,t a ,t a ) or 
B'(-\ — , — h,0) is nonzero, then CPT or CP or both are violated. 

Finally, of course, using the four instantaneous rates or the four integrated rates for various values of At, one can 
determine the parameters |Q + |, \Q~\, |1 ± xs\, \1±Xl\, \W\, <f>w, Ts, ^l, Am. 



VIII. SUMMARY 



In this paper, we have considered the correlated decays of a C = —1 entangled state of two pseudoscalar mesons, 
which are now routinely produced in 4> and B factories. We rigorously calculated the joint probabilities and cor- 
responding integrated rates of the decays both into flavor eigenstates, as well as those of the decays both into CP 
eigenstates. Measurement of these joint probabilities for various values of time differences of the two decays can lead 
to the determination of various parameters, including those characterizing CP and CPT violations. 

More interesting results are some rigorously formulated simple methods of deciding whether CP and CPT are 
violated by using the asymmetries of the entangled decays of the two mesons. The asymmetry between instantaneous 
probabilities (with unprimcd notation) is equal to the corresponding one between integrated rates (with primed 
notation). 

If the equal-flavor asymmetry A(++, ,t a ,tb) or A'(++, , At), which is found to be independent of times, 

is nonzero, then CP is violated, independent of whether CPT is conserved. If the unequal-flavor asymmetry 
A(-\ — , — h, t a , t ) or A'(-\ — , — h, At) is nonzero even if At ^ 0, then CPT is violated. 

Any nonzero value of a joint probability of equal-CP decays at different times, i.e. I[h+, t a ; h b ,tb] or I[h~,t a ; h b , tb] 
or I' [ha, h b , At] or I[h~ , h b , At] for At ^ 0, indicates the violation of CP or CPT or both. Hence we emphasize that 
the nonzero I[h^,t a ; h b , tb] observed in KLOE only indicates the violation of CP or CPT or both, but cannot decide 
which of them are actually violated. 

Furthermore, if the the equal-CP asymmetry asymmetry B(++, ,t a ,t b ) or B'(-\ — , — h,At) is given by 

I^Lt!^ \i , then CP is conserved but CPT is violated. If it is given by L then CPT is conserved 

IQ+I +IQ-| ' 44 44 \Q + \ -\Q~\ 

but CP is violated. If it satisfies neither j^ + | 4 ~j^_j 4 nor |^ + | 4 ^|^_| 4 , then both CP and CPT are violated. 

If the unequal-CP asymmetry B(-\ — , — h, t a , tb) or B'(-\ — , — h, At) deviates from ^^At^-rgAt ; then CPT or CP 
or both are violated. In particular, if the equal time unequal-CP asymmetry _B(H — , —+,t a ,t a ) or B'(-\ — , — h,0) is 
nonzero, then CPT or CP or both are violated. 

We believe that some convenient ways of testing CP and CPT symmetries have been presented here for the use of 
entangled mesons in <j> and B factories. 
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